The modulation of main-chain and side-chain conformational heterogeneity and solvent structure in monoclinic lysozyme crystals by dehydration (related to water activity) and temperature is examined. Decreasing the relative humidity (from 99 to 11%) and decreasing the temperature both lead to contraction of the unit cell, to an increased area of crystal contacts and to remodeling of primarily contact and solvent-exposed residues. Both lead to the depopulation of some minor side-chain conformers and to the generation of new conformations. Sidechain modifications and main-chain r.m.s.d.s associated with cooling from 298 to 100 K depend on relative humidity and are minimized at 85% relative humidity (r.h.). Dehydration from 99 to 93% r.h. and cooling from 298 to 100 K result in a comparable number of remodeled residues, with dehydration-induced remodeling somewhat more likely to arise from contact interactions. When scaled to equivalent temperatures based on unit-cell contraction, the evolution of sidechain order parameters with dehydration shows generally similar features to those observed on cooling to T = 100 K. These results illuminate the qualitative and quantitative similarities between structural perturbations induced by modest dehydration, which routinely occurs in samples prepared for 298 and 100 K data collection, and cryocooling. Differences between these perturbations in terms of energy landscapes and occupancies, and implications for variabletemperature crystallography between 180 and 298 K, are discussed. It is also noted that remodeling of a key lysozyme active-site residue by dehydration, which is associated with a radical decrease in the enzymatic activity of lysozyme powder, arises due to a steric clash with the residue of a symmetry mate. research papers Acta Cryst. (2018). D74, 264-278 Atakisi et al. Side-chain conformational heterogeneity 265 research papers 266 Atakisi et al. Side-chain conformational heterogeneity Acta Cryst. (2018). D74, 264-278 research papers Acta Cryst. (2018). D74, 264-278 Atakisi et al. Side-chain conformational heterogeneity 277
Introduction
Water, with its unique physicochemical properties, plays a central role in determining the structure and function of proteins and other biomolecules. Water is essential to protein folding/unfolding, to the stabilization of higher-order structures and in determining catalytic efficiencies (Rupley & Careri, 1991) . The internal and large-scale conformational dynamics of proteins are coupled to the dynamics of surfaceordered (hydration) and bulk solvent (Fenimore et al., 2004; Frauenfelder et al., 2009) . Protein function ceases when the surrounding solvent is depleted to only one or two hydration layers (Frauenfelder et al., 2009 ). X-ray crystallography has long been used to study the effects of crystal and protein hydration (Crowfoot & Riley, 1938; Perutz, 1946 Perutz, , 1954 Einstein & Low, 1962; Huxley & Kendrew, 1953) . Protein crystals contain large amounts of solvent, typically 30-70% by volume (Kantardjieff & Rupp, ISSN 2059-7983 # 2018 International Union of Crystallography 2003; Matthews, 1968) , that fills intermolecular spaces within the unit cell as well as internal protein cavities. Solvent molecules preferentially occupy specific sites near the protein surface, especially within the first hydration shell and at low temperatures, allowing them to be crystallographically detected, but most solvent tends to be positionally disordered and so contributes only to the average solvent electron density.
Crystal solvent content depends on relative humidity (r.h.) or, equivalently, the activity of water, a thermodynamic variable. Relative humidity determines how proteins pack within the crystal, the structure of individual proteins, and also the solvent structure. Dehydration, both intentional and accidental, decreases the unit-cell volume, and crystal order and diffraction resolution often degrade but sometimes improve. Commercial and homemade systems for adjusting hydration levels to optimize diffraction properties are now in regular use (Bowler et al., 2015; Sanchez-Weatherby et al., 2009; Kiefersauer et al., 2000) and diffraction improvements have been obtained at relative humidities as low as 74% (Krauss et al., 2012) . Dehydration below $85% r.h. often leads to first-order structural phase transitions involving the cooperative loss of a finite amount of water and the appearance of a new lattice (Salunke et al., 1985; Einstein & Low, 1962; Perutz, 1946; Huxley & Kendrew, 1953) . Diffraction outcomes are strongly affected by the rate of dehydration, which affects the ability of the protein and crystal to adjust to the evolving equilibrium state. Rapid dehydration often leads to spatial inhomogeneities and plastic lattice failure, while slow dehydration can 'supercool' a given lattice to relative humidities well below that at which it becomes thermodynamically unstable (Dobrianov et al., 2001) . Disorder created by dehydration can often be largely or fully reversed and the original crystal packing restored by rehydration (Salunke et al., 1985; Dobrianov et al., 2001; Kiefersauer et al., 2000) .
Previous crystallographic studies of the effects of hydration on protein structure have mainly focused on changes to the main-chain conformation. For example, orthorhombic and monoclinic crystals of bovine pancreatic ribonuclease A dehydrated to 79% r.h. showed rearrangement of surface loops and a small change in the hinge angle between subdomains relative to the native hydrated structure (Bell, 1999; Radha Kishan et al., 1995) . Dehydration of cytomegalovirus immediate-early 1 protein triggered a structural transition involving remodeling of the tertiary structure in addition to a change in space group (Klingl et al., 2015) . The most detailed studies have been performed using various crystal forms of hen egg-white lysozyme, which can retain crystalline and molecular order at humidities as low as 0.01% (Salunke et al., 1985; Kodandapani et al., 1990; Madhusudan et al., 1993; Nagendra et al., 1998; Harata & Akiba, 2006) . The monoclinic form diffracts to the highest resolution over the widest range of relative humidities. The most pronounced main-chain changes occur in regions involved in substrate binding (Madhusudan et al., 1993) . However, the effects of dehydration on side-chain conformations and solvent structure have not been systematically studied.
The importance of the conformational ensemble of a protein in folding (Vendruscolo, 2007) , molecular recognition (Lange et al., 2008) , catalysis (Boehr et al., 2006) and allosteric regulation (Gunasekaran et al., 2004) has long been recognized (DePristo et al., 2004; Furnham et al., 2006) . As of 2010, only $5% of PDB-deposited crystallographic structures were refined against multiple-conformer models (Lang et al., 2010) . In the last decade, this situation has improved as methods for identifying and modeling main-chain and sidechain conformational heterogeneity have been developed and have become easier to use. Low electron-density levels previously assumed to be noise, in fact, can contain abundant information about minority occupancy conformers. Analysis software including Ringer (Lang et al., 2010 (Lang et al., , 2014 , which samples and maps electron density around dihedral angles to identify peaks associated with low-occupancy alternative conformers of side-chain rotamers, and qFit (van den Bedem et al., 2009; van den Bedem & Fraser, 2015) , which autobuilds up to four conformations per residue, have facilitated the generation of multiconformer models. Bond-order parameters S 2 , which were originally developed to describe NMR data (Brueschweiler & Wright, 1994) , have been generalized for crystallography to characterize both harmonic and nonharmonic (conformational) side-chain fluctuations (Fenwick et al., 2014) .
A primary application of these tools to date has been to characterize the effects of temperature. A comparison of PDB-deposited structures of 30 proteins at room temperature and T = 100 K indicated that cryocooling causes substantial remodeling of side-chain conformations (Fraser et al., 2011) . For at least 24 of these proteins the cryoprotectants used in cryogenic data collection were absent from the crystals used for room-temperature measurements, complicating the interpretation of structural differences. The conformational heterogeneity of a Michaelis complex of DHFR was found to be significantly distorted by cryocooling (Keedy et al., 2014) . Analysis of crystallographic data from the human proline isomerase cyclophilin A (cypA) acquired at seven temperatures between 298 and 100 K revealed how side-chain conformations and bond-order parameters evolve with temperature across the entire molecule. The evolution was found to be highly heterogeneous: bond-disorder parameters 1 À S 2 have a 'hockey-stick' shape and the 'transition' temperatures above which order decreases more rapidly have a broad distribution between $180 and $270 K. Analysis of diffraction data collected to high doses from three different proteins (including cypA) at room temperature indicates that radiation damage has only small effects on conformational heterogeneity compared with those of temperature (Russi et al., 2017) . However, the full physical and biological significance of temperature-dependent conformational changes remains unclear.
Water activity (relative humidity), like temperature, is a thermodynamic variable. Some of the gross effects of dehydration, such as unit-cell contraction, are similar to those of cooling. Moreover, unintentional dehydration routinely occurs during crystal handling, mounting and storage in both room-temperature and T = 100 K crystallographic practice. Unintentional dehydration is a primary cause of nonisomorphism of identically prepared crystals at room temperature and of unit-cell variations at cryogenic temperatures . Could dehydration account for some conformational changes that have been attributed to cooling? To what extent does dehydration mimic the effects of cooling? How do the effects of these two thermodynamic perturbations on protein conformational ensembles and solvent structure as they exist in crystals differ?
Here, we report high-resolution (1.1-1.9 Å ) measurements and multiconformer analysis of hydration-dependent sidechain conformations in monoclinic lysozyme crystals from relative humidities between 99 and 11% r.h., corresponding to crystal solvent contents ranging from 38 to 18%(v/v), respectively, at both 298 and 100 K. Detailed structural comparisons were facilitated by using carefully prepared and characterized crystals of otherwise identical composition. Substantial side-chain remodeling occurs on dehydration. Solvent-exposed residues are significantly more affected than buried residues, in part correlated with the large increase in the number of crystal contacts as the packing of the protein becomes denser. The largest side-chain conformation changes occur at humidities near $75%, where significant depletion of water within the first hydration shell begins. Dehydration to 93% r.h. has similar effects to cooling to 100 K: dehydration causes a 5.4% contraction of the unit-cell volume and remodels 12.6% of side chains, compared with a 6.8% unit-cell contraction and 13.6% side-chain remodeling on cooling, with only solvent-exposed residues affected in both cases. These results complicate the interpretation of differences between room-temperature and cryogenic temperature conformational ensembles when the precise crystal history is not known and/ or is not carefully controlled; they suggest that modest dehydration can serve as a proxy for studying many of the effects of temperature; and they emphasize the importance of packing environment in selecting targets for variable-temperature crystallographic studies.
Materials and methods

Crystallization
Monoclinic lysozyme crystals were grown at room temperature by the hanging-drop vapor-diffusion method. Lyophilized lysozyme powder (Sigma-Aldrich, St Louis, Missouri, USA) was dissolved in 50 mM sodium acetate buffer solution at pH 4.5 at a concentration of 10-15 mg ml À1 , and the reservoir solutions were composed of 2.8-3.0%(w/v) ($0.35 M) sodium nitrate in the same buffer solution. Crystallization drops of 6-10 ml in volume, prepared by mixing equal volumes of protein and reservoir solution, were suspended over $500 ml reservoir solution, and rectangular plate-like crystals, mostly in clusters, were obtained within a week. The largest crystals, which were 300-600 mm in the long dimension, were used to facilitate the collection of complete crystallographic data sets at room temperature with minimal radiation damage.
Crystal dehydration
Crystals were dehydrated to seven relative humidities between 99 and 11% r.h. by equilibrating them at T = 293-298 K with mother-liquor reservoir solution ($99.2 AE 0.5% r.h.) and saturated solutions of potassium nitrate (93.4 AE 0.8% r.h.), potassium chloride (85.3 AE 0.7% r.h.), sodium chloride (75.4 AE 0.3% r.h.), sodium bromide (57.7 AE 0.9% r.h.), magnesium chloride (33.1 AE 0.2% r.h.) and lithium chloride (11.3 AE 0.5% r.h.) (Rockland, 1960; Young, 1967; Greenspan, 1977) . Each crystal was harvested from its mother liquor using a microfabricated polymer loop, and excess mother liquor was carefully removed from the crystal and loop by blotting. The crystal and loop were then inserted into a polymer capillary (MicroRT system, MiTeGen, Ithaca, New York, USA) containing $20 ml saturated salt solution and equilibrated for 24-48 h. The distance between the crystal and the solution was $1 cm, and a few extra salt grains were added to the solution to ensure that it remained saturated.
Crystals that are rapidly dehydrated to 75% r.h. and below often undergo catastrophic plastic failure, leading to loss of diffraction (Dobrianov et al., 2001) . This is most likely to occur due to inhomogeneous stresses that develop as the crystal lattice undergoes its structural phase transition near 85% r.h. To reduce the rate of equilibration during dehydration to 75% r.h. and below, crystals were transferred to and then harvested from oil [NVH oil (Cargille, Cedar Grove, New Jersey, USA) or LV cryo-oil (MiTeGen, Ithaca, New York, USA)] before dehydration, and this was found to reproducibly yield high-quality diffraction. On the other hand, crystal dehydration to 85% and 93% r.h. can be excessively slowed by the surrounding mother liquor, so excess mother liquor was carefully removed. Crystals were equilibrated in the capillary tubes for $24-48 h in all cases, which was experimentally determined to be sufficient for equilibration and to yield unitcell volumes that were consistent with those from previous studies (Nagendra et al., 1995; Harata & Akiba, 2006) .
X-ray data collection
X-ray diffraction data were collected on MacCHESS station A1 at the Cornell High Energy Synchrotron Source (CHESS) using a 19.6 keV X-ray beam with a diameter of 100 mm. Diffraction images were recorded using either an ADSC Quantum 210 or a Dectris PILATUS 6M detector. Complete room-temperature data sets were collected from 2-5 different crystals at each relative humidity, and the models were refined using the highest resolution data sets at each relative humidity.
To compare the effects of dehydration with the effects of cryocooling, additional X-ray data sets were collected at T = 100 K using a nitrogen-gas cryostream from native monoclinic lysozyme crystals (99% r.h.) and from crystals dehydrated at 298 K to 85, 75, 58 and 11% r.h. No penetrating cryoprotectants were used, to ensure that the crystal composition was identical for 298 and 100 K data collection. Each crystal was looped from its drop and excess mother liquor was removed by blotting. The crystal was then transferred to LV CryoOil, harvested using a microfabricated polyimide loop, and inserted into a capillary tube containing salt solution. After equilibration for 24-48 h, a few frames of X-ray data were first collected at 298 K with the capillary tube in place and with the nitrogen cryostream blocked using an 'air-blade' shutter, to ensure that a unit cell consistent with the target dehydrated state had been obtained and that the diffraction was to high resolution. The capillary tube was then removed and the cryostream unshuttered to cool the sample, and a complete and redundant data set was collected. The maximum time that the sample was exposed to ambient humidity (20-45% r.h.) air or dry N 2 while its temperature was warm enough (>230 K) for dehydration to occur was less than 3 s. Given the relatively large crystal sizes, this was too short for appreciable changes in crystal hydration. At the lowest relative humidity of 11%, the 100 K unit cell for each crystal was smaller than the room-temperature unit cell recorded before the capillary tube was removed, indicating that no significant rehydration occurred. High-quality, ice-free T = 100 K data with consistent unit cells were obtained for all relative humidity values without the use of penetrating cryoprotectants. Data-collection and refinement statistics are given in Tables 1 and 2.
Data processing
Data frames were indexed and scaled using SCALEPACK and DENZO (Otwinowski & Minor, 1997) , and molecular replacement and model refinement were performed using PHENIX (Adams et al., 2010) . PDB entries 2d4k and 2d4j were used as initial models for crystals with relative humidities above and below the $85% r.h. structural phase transition, respectively. Water molecules were modeled in all structures, and for data with resolution better than 1.4 Å anisotropic B factors were refined and H atoms were modeled.
Standard refinement programs, by default, fit a single conformer model to the experimental electron-density map. Initial multiconformer models were generated using qFit (van den Bedem et al., 2009) , which builds up to four alternative conformations per residue where they are locally supported by the real-space electron-density map. Ringer was used to detect additional rotameric conformations of each side chain, and the qFit models were then manually inspected, modified and validated using Coot (Emsley et al., 2010) . Final model validation was performed using MolProbity in the PHENIX software package (Chen et al., 2010) . The resulting multiconformer models led to substantial reductions in R free values (up to $2%), especially for high-resolution structures.
Protein volumes within the unit cell were calculated as the volume enclosed by the solvent-excluded surface (SES) using the program 3vee with a probe size of 1.4 Å and a grid size of 0.07 Å . The SES is calculated by 'rolling' a fixed-diameter probe over the surface of a voxelized three-dimensional model of the protein (Voss & Gerstein, 2010) . H atoms were added (if absent) and alternate conformations of side chains were removed (as the software assumes a fixed occupancy of 1 for all side chains) from the model before using 3vee. The Table 1 Data-collection and refinement statistics for room-temperature data collected using monoclinic lysozyme crystals. fractional solvent-accessible surface area for each residue was calculated using the web server at http://cib.cf.ocha.ac.jp/ bitool/ASA/. The solvent volume within the unit cell was calculated by subtracting the SES volume of protein from the unit-cell volume. These results were compared with those obtained using a Matthews coefficient analysis.
Experimental results and analysis
Unit-cell, protein and solvent volumes
Monoclinic crystals of hen egg-white lysozyme undergo a structural transition near 85% r.h. in which the two crystallographically independent molecules in the native asymmetric unit become equivalent, resulting in a halving of the unit cell (Salunke et al., 1985) . The crystals can maintain excellent order down to 5% r.h., corresponding to a Matthews coefficient-derived solvent content of 9% by volume (Nagendra et al., 1998) . Fig. 1 shows how the unit-cell volume, protein volume and solvent volume per protein molecule vary with relative humidity at 298 and 100 K. At 298 K the unit-cell volume decreases by 24% between 99 and 11% r.h. On cooling to 100 K, the unit-cell volume contracts by 6.8% at 99% r.h., decreasing to only 1.3% at 11% r.h. The SES protein volume ( Supplementary Table S1 ) decreases by only 1-2% over this relative humidity range and by 0.5-2.4% at fixed relative humidity (with no systematic dependence on relative humidity) on cooling to 100 K. At 99% r.h., nearly all of the Table 2 Data-collection and refinement statistics for data collected from monoclinic lysozyme crystals at T = 100 K. Crystallographic unit-cell volume (blue squares), protein volume [red triangles; calculated as the volume enclosed by the solvent-excluded surface (SES) area of the protein molecule] and solvent volume (orange circles; given by the difference between unit-cell and protein volume) per protein molecule for monoclinic lysozyme crystals versus relative humidity. Dark and light symbols are values at room temperature and T = 100 K, respectively. The discontinuity in unit-cell and solvent volume between 85 and 75% r.h. is due to a structural transition in which the unitcell volume is roughly halved. The dashed lines are guides to the eye through the room-temperature data points.
6.8% unit-cell contraction on cooling to T = 100 K is due to the solvent, whereas at 11% r.h. the cell, protein and solvent have comparably small contractions. Note that cooling the native (99%) structure to 100 K has a similar effect on unit-cell and solvent volume as does dehydration to $85% r.h. Note that the Matthews coefficient analysis overestimates the solvent content at all relative humidities and temperatures, with the largest fractional errors occurring at low relative humidity and T = 100 K. These errors arise because our calculated T = 298 K lysozyme density (1.41 g ml À1 for the native structure) is larger than the assumed density (1.35 g ml À1 ) in, for example, PHENIX (Quillin & Matthews, 2000; Fischer et al., 2004) , because the protein density is larger (1.44 g ml À1 ) at 100 K, and because errors in protein density have a larger effect on solvent fraction at low solvent fractions.
Solvent content and solvent ordering
Fig. 2 shows the crystal solvent content, as determined from the unit-cell volume and 3vee analysis, as a function of relative humidity at both 298 and 100 K, as well as the resolution of the refined crystallographic data sets. The T = 298 K solvent content decreases from 0.37 to $0.34(v/v) between 99 and 85% r.h., abruptly drops to 0.26(v/v) as a result of the structural transition and then decreases to $0.18(v/v) at 11% r.h. Dehydration to 75% r.h. leads to a small improvement in resolution. Further dehydration degrades the resolution by a variable amount that tends to decrease as the rate of dehydration decreases and that also depends on how the shape and initial perfection of each crystal affects its response to stresses during the structural transition near 85% r.h. (Dobrianov et al., 2001) .
The internal crystal solvent can be crudely separated into hydration water (water contained within the first hydration shell that interacts strongly with the protein and stabilizes its secondary and tertiary structure) and bulk-like water. Dehydration first depletes bulk-like water before affecting hydration water. The enzymatic activity of lysozyme ceases at below 0.2 g of water per gram of lysozyme molecules (Rupley et al., 1983; Rupley & Careri, 1991) . This corresponds to a $22%(v/v) solvent content which, for monoclinic lysozyme, occurs below the structural transition at $75% r.h.
In crystallography, hydration waters are more likely to be found at particular sites near the protein surface, especially at T = 100 K. Many hydration-shell water sites in lysozyme are invariant with respect to the crystal space group (Madhusudan & Vijayan, 1991) . The inset in Fig. 2 shows the ratio of the crystallographically detected hydration-shell volume to the total solvent volume as a function of relative humidity for the five highest resolution data sets (99-58% r.h.) at both 298 and 100 K. Waters were modeled only if the resulting B factor was less than 60 Å 2 . The hydration-shell volume was determined using the 3vee server by subtracting the solvent-excluded volume of the protein and modeled waters (at 100% occupancy) and of the protein only. The detected hydration-shell volume roughly doubles on cooling to 100 K at a fixed relative humidity and the average B factor of the modeled waters decreases from $35 to $28 Å 2 for the native crystal. This reflects increased solvent ordering and localization when thermal fluctuations are reduced (Nakasako, 2004; Nakasako et al., 1999) . At $75% r.h., corresponding to the threshold for enzymatic activity, almost all disordered 'bulk' solvent has been depleted, and further dehydration depletes hydration water. Table 3 indicates the extent to which modeled water sites are conserved on cooling at fixed relative humidity. A water site is deemed to be 'conserved' between two structures if it is displaced by no more than a cutoff distance of 1.2 Å after least-squares superposition of the structures. The cutoff distance to identify conserved water sites in the literature varies from 1 to 2.4 Å , with values between 1 and 1.5 Å being most common (Poornima & Dean, 1995; Shaltiel et al., 1998; Zhang & Matthews, 1994) . For the present data, varying the threshold between 1 and 1.5 Å produced only small fractional increases/decreases in the number of conserved sites. At fixed 
Figure 2
Crystal solvent content (derived from analysis of the solvent-excluded protein volume as in Fig. 1 ) and data-set resolution as a function of relative humidity. Red and blue symbols represent values at room temperature and 100 K, respectively. The dashed lines are guides to the eye through the room-temperature data points. The enzymatic activity of lysozyme ceases below 0.2 g of water per gram of protein molecule, corresponding to 21%(v/v) solvent content. Inset: ratio of the crystallographically detected hydration-shell volume to the total solvent volume as a function of relative humidity for the five highest resolution data sets, assuming unit occupancy for all modeled waters. Near 75% r.h., the ratio of the hydration solvent volume to the total solvent volume at cryogenic temperature has a maximum. The decrease in hydration-shell volume between 75 and 58% r.h. is due in part to an increase in overall and hydration-shell B factors so that fewer waters were modeled. Truncation of all data sets to 1.5 Å resolution had little effect on hydration-shell volumes.
relative humidity, the fraction of water sites detected at 298 K that are conserved at 100 K decreases from $85% at 99% r.h. to $74% at 58% r.h., and then drops to only $50% at 11% r.h. Waters at the active site are mostly conserved down to 75% r.h. and then begin to disappear on further dehydration.
Crystal contacts
Increased protein packing due to the removal of crystal solvent increases the number and area of intermolecular contacts. Various criteria can be used to determine whether two atoms in different molecules within a crystal are in contact, for example, if their separation is below a threshold of 4-6 Å (Dasgupta et al., 1997; Lorimer et al., 2009; Carugo & Argos, 1997 ). Fig. 3 shows the evolution of the number and fraction of residues involved in crystal contacts versus relative humidity at T = 298 and 100 K, assuming that atoms are in contact if their center-to-center distance is less than the sum of their van der Waals radii plus 0.25 Å (Juers & Matthews, 2001) . As shown in Supplementary Fig. S2 , qualitatively similarly behavior is observed if a fixed separation threshold of 4 Å is used.
At 298 K the fraction of residues involved in crystal contacts increases from $32% at 99% r.h. to $50% at 11% r.h. Cooling to 100 K increases the 99% r.h. contact fraction to 40%, but has no significant effect at 11% r.h. Comparing the effects of cooling and dehydration on the native (99% r.h.) structure, cooling to 100 K produces a comparable increase in crystal contacts as dehydration to 85% r.h., consistent with the similar changes in unit-cell volume that these perturbations produce.
Side-chain remodeling: Ringer analysis
Intermolecular crystal contacts affect side-chain heterogeneity, as contacts formed by electrostatic interactions impose some local restrictions on the side-chain conformations of the residues involved. Previous analysis using Ringer has shown that cryocooling induces changes in electron density sampled in rings around side-chain dihedral angles , and these have been interpreted as evidence for conformational remodeling of side-chain rotamers. As shown in Fig. 4 for between 99 and 85% r.h., dehydration induces similar changes, including the suppression of minor (low-occupancy) conformers (Fig. 4b) , the enhancement of minor conformers (Fig. 4c ) and the appearance of new conformations (Fig. 4d ). Lysozyme has 129 residues, of which 103 have side-chain rotamers with a dihedral 1 angle and rotamer. As shown in Table 4 , on dehydration from 99 to 85% r.h. 12 residues showed suppression of a minor conformer, seven showed systematic enhancement of a minor conformer, three adopted new conformers and the remaining 81 residues showed no change. Cryocooling of the native (99% r.h.) crystal causes the suppression of more minor conformers, the enhancement of fewer minor conformers and the generation of a comparable number of new conformations. As relative humidity is decreased, cryocooling still causes substantial side-chain remodeling, even though the change in unit-cell volume on cooling becomes smaller and smaller.
No correlation is observed between nitrate-ion position and occupancy and side-chain remodeling. The number of modeled nitrates per lysozyme molecule varied with relative humidity: at T = 300 K it increased from 2.5 (five in the asymmetric unit) at 99% r.h. to four at 85% r.h., decreasing to three at 75 r.h. and zero at 11% r.h. This variation largely Table 4 Modifications of the 103 lysozyme residues having 1 rotamers due to dehydration and cryocooling relative to the native (99% r.h.) roomtemperature structure.
Modifications were determined by visual inspection of Ringer plots as in Fig. 4 . Minor conformers above the 0.3 electron-density threshold were deemed to be suppressed if their density fell below the threshold or decreased substantially relative to the major conformer. A minor conformer was deemed to be enhanced if it became detectable above the threshold or if its abovethreshold density increased while that of the major conformer decreased. A new conformation was identified if there was a major change in position of the major conformer or of a high-density minor conformer. This qualitative assessment more readily identifies changes in minor conformations than does the Pearson correlation coefficient of Fig. 6, as 
Figure 3
Number of residues involved in crystal contacts versus relative humidity at room temperature (red) and T = 100 K (blue). The dashed red line is a guide to the eye for the room-temperature data. As the relative humidity decreases, the protein molecules become more densely packed, increasing the number of contact residues. The number of contacts detected depends on the assumed cutoff separation between residues. Here, two atoms are considered to be in contact if their center-to-center distance is less than the sum of their van der Waals radii plus 0.25 Å , for example 0.2 Å . Supplementary Fig. S2 shows the number of contact residues determined using a fixed 4 Å cutoff. The dashed line is a guide to the eye for the room-temperature data points.
follows the variation in diffraction resolution, and so does not necessarily reflect variations in the actual numbers of nitrates or their ordering. 3.4.1. Contact versus noncontact residues. To understand how the local environment of a side chain affects its remodeling during dehydration or cooling, residues were first categorized as contact or noncontact based upon their final (dehydrated and/or cooled) side-chain state. To assess whether the 1 side-chain rotamer was remodeled, the Pearson correlation coefficient between Ringer plots for the initial and final states was calculated for each residue (Keedy et al., 2015) . Pearson correlation coefficients can range from À1 to 1, and are independent of the absolute value of the electron density. They are only weakly dependent on B factors and resolution, and blurring or sharpening of the electron density has only a small effect. Correlation coefficients below 0.85 but well above 0 generally indicate the remodeling of minority conformations, whereas negative values usually correspond to changes in the majority conformation. Side chains with correlation coefficients below 0.85, a conservative cutoff, were thus considered to be remodeled. Fig. 5(a) gives the number of altered contact and noncontact residues, relative to the native (99% r.h., 298 K) structure, versus the relative humidity at 298 and 100 K. At room temperature, the majority of altered residues are involved in crystal contacts, although the fraction of altered noncontact residues grows substantially below 58% r.h. Cooling the native crystal to 100 K alters roughly the same number of residues as does dehydrating to 93% r.h., although cooling affects more noncontact residues.
3.4.2. Solvent-exposed and buried residues. Solvent accessibility might also be expected to influence which residues are altered. Solvent accessibility was assessed by calculating the solvent-accessible surface area (SASA) using the PyMOL function get_area with a default probe size of 1.4 Å and then normalizing by the maximum surface area of each residue type to obtain the fractional SASA. The maximum surface area of each residue type was estimated using an isolated tripeptide Gly-X-Gly in which X is the residue of interest. In previous work, fractional SASA values below 5% and below 20% were most commonly used to define the cutoff for buried residues (Zhang et al., 2009; Miller et al., 1987; Chen & Zhou, 2005) . A survey of 37 different protein structures found that 15% of all residues in small proteins and 32% in large proteins were buried assuming a 5% cutoff (Miller et al., 1987) . Lysozyme is a small protein and Supplementary Fig. S3 plots the number of buried residues versus the fractional SASA cutoff. The number of buried residues versus the cutoff exhibits a change in slope near 3%. With a 3% cutoff buried residues comprise 22-24% of all residues for all humidities, consistent with the survey. Residues with fractional SASA values smaller than 3% were thus defined as buried. Fig. 5(b) gives the number of altered residues that are solvent-accessible and buried in the final state. Dehydration to relative humidity values of between 93 and 58%, as well as cryocooling of these dehydrated samples, has almost no effect on buried residues.
Overall side-chain correla-
tions. Fig. 6(a) shows overall pairwise Pearson correlation coefficients for 1 side-chain rotamers, which provide an overall measure of the similarity of sidechain conformations. These were obtained by averaging pairwise sidechain correlations calculated from Ringer plots over the 103 residues having 1 side-chain rotamers, between structures at 298 and 100 K at different relative humidities. As one would expect, the correlations decrease as the difference in relative humidity increases. As seen in the leftmost column of Fig. 6(a) , cooling the native structure ('h99') to 100 K ('h99c') gives the same correlation coefficient as dehydrating the native structure at 298 K to 85% r.h. ('h85'). As seen by inspecting the diagonal boxed entries in Fig. 6(a) , for crystals dehydrated to the same relative humidity, the largest correlation between roomtemperature and 100 K structures occurs for 85% r.h, which is also the humidity that yields the highest resolution 100 K data set. Similar patterns are evident in Supplementary Fig. S4 for 2 , which is calculated by averaging over 72 residues having 2 rotamers. Similarly, as indicated by the entries within the horizontal rectangles in Fig. 6(a) and Supplementary Fig. S4 , the 1 rotamers of the native (99% r.h.) structure at 100 K are most strongly correlated with those in the 85% r.h. roomtemperature structure, and for 2 rotamers with the 93% r.h. room-temperature structure. This demonstrates the structural similarity between the effect of cryocooling and dehydration to 85-93% r.h. of the native crystal in terms of the side-chain conformations and heterogeneity. Fig. 6(b) shows the roomtemperature molecular structure in the native state colorcoded according to the 1 correlation of each residue with the 75% r.h. structure.
3.4.4. Backbone r.m.s.d.. Lysozyme does not exhibit major structural rearrangement of its backbone on dehydration or cooling, but smaller changes are evident, especially in turn regions. Fig. 6(c) shows the pairwise backbone root-meansquared deviation (r.m.s.d.) between all dehydrated and cooled structures. R.m.s.d. values increase with increasing humidity difference. As with side-chain correlations, cryocooling the native structure produces overall changes in the backbone that are comparable to those obtained by dehydration to 85% r.h. at room temperature. Surprisingly, 298 K backbones at 58, 33 and 11% r.h. have smaller r.m.s.d. values with the native structure than with 93-75% r.h. structures. A similar although less strong trend is seen in Fig. 6(a) for sidechain correlations. As is the case with side-chain correlations discussed above, the smallest backbone perturbation caused by cryocooling at a fixed relative humidity is observed for 85% r.h.
Multiconformer modeling and side-chain order parameters
Overall side-chain conformational heterogeneity can be characterized using bond-order parameters S 2 , which include contributions from both harmonic and nonharmonic motions as well as from static disorder. The order parameter S 2 corresponding to a dihedral angle 1 can be decomposed into two components: S 2 ortho , which is associated with displacements around a conformer at a given 1 value, and S 2 angular , which is associated with displacements between conformers at different 1 values. At each relative humidity, qFit, Ringer and manual building were used to construct a multiconformer model. Order parameters S 2 were then calculated for 1 rotamers about bond vectors C -X , where X is C, O or S, for most residues, about C -C for Ala and about C -H 2 for Gly. Supplementary Fig. S5 shows sample plots of order parameters S 2 and their component S 2 ortho versus relative humidity for several residues near the active site of lysozyme for relative humidity between 99 and 75%, for which the dataset resolution was high and nearly constant. Truncation of all data sets to 1.4 Å resolution had little effect on these results. Of the 103 residues with side-chain rotamers, 76 showed an increase in S 2 with decreasing relative humidity, and nearly all showed an increase in S 2 ortho .
Modulation of the active site
The active site of lysozyme, which in the native state is largely hydrated by ordered water molecules, undergoes Number of altered residues, of the 103 lysozyme residues having 1 rotamers, due to dehydration and cryocooling, relative to the native (99% r.h.) structure, categorized according to (a) whether or the not the residues were involved in crystal contacts in the final, non-native structure and (b) whether the residues were solvent-exposed or buried. Here, side chains were deemed to be altered if the Pearson correlation coefficient between Ringer curves for the native and non-native structures was less than 0.85. A large majority of the altered side chains are involved in crystal contacts and/or are solvent-exposed in non-native room-temperature and 100 K structures, although noncontact and buried residues are substantially perturbed at 33 and 11% r.h. Dehydrating the native crystal to 93% r.h. alters a comparable number of residues as does cryocooling to 100 K. (a) Pairwise Pearson correlation coefficients for Ringer plots at 1 as in Fig. 4, averaged over all 103 residues, for all possible pairs of dehydrated and cryocooled structures. Data sets collected at 100 K are labelled with '-c'. The leftmost column indicates correlations with the native structure at room temperature; the diagonal boxed entries indicate correlations between room-temperature and 100 K structures for crystals dehydrated to the same relative humidity, and the horizontal rectangle highlights correlation between the 100 K native structure and dehydrated structures at room temperature. (b) Lysozyme structure color-coded according to the Pearson correlation coefficient between the native and 75% r.h. room-temperature structures, calculated using the 1 Ringer plot for each residue. All residues with lower correlation coefficients are located on the surface, while buried residues generally have high correlation coefficients. The active site and its vicinity exhibit intermediate correlation. significant remodeling on dehydration. The most pronounced change occurs at Trp62, which undergoes motion in substrate binding (Kelly et al., 1979; Johnson & Phillips, 1965) . Trp62 is somewhat disordered in the native crystal, and on dehydration to 85% r.h. it loses one of its minor conformers while maintaining its major conformation. At relative humidity values below that of the crystal lattice transition, Trp62 undergoes a large conformation change that has been suggested to be similar to its behavior during substrate binding (Nagendra et al., 1996; Kodandapani et al., 1990) .
The present data show that this conformation change results from a steric clash with a symmetry mate. Fig. 7 shows the two side chains Trp62 and Arg73 at the active site of native (orange) and 75% r.h. (blue) structures, as well as the nearby side chains of a symmetry mate at 75% r.h. (cyan). In the native crystal, Arg73 has one alternate conformation and both conformations freely extend away from the center of the reference protein molecule. On dehydration from 85 to 75% r.h., a significant loss of solvent associated with the lattice transition leads to a tighter packing of protein molecules that forces Arg73 to change its conformation. This conformation chain causes an $90 rotation in the side chain of Trp62 to prevent a steric clash. The low-humidity conformation, which stacks Arg73 onto the Trp62 ring, is also stabilized by a favorable cation-interaction.
Dehydration-and cryocooling-induced changes in tetragonal thaumatin crystals
A more limited investigation of the effects of dehydration and cryocooling was conducted using crystals of tetragonal thaumatin. These crystals were grown in hanging drops comprised of equal volumes of 40 mg ml À1 protein in 0.1 M sodium acetate buffer pH 6.5 and reservoir solution consisting of 0.5 M potassium sodium tartrate in the same buffer. The buffer gave a relative humidity for the native crystal of 99%, and dehydration using saturated solutions of potassium nitrate, zinc sulfate and sodium chloride gave relative humidity values of 93, 89 and 75%, respectively. Complete and redundant X-ray data sets were collected from these crystals and from cryoprotectant-free native crystals cooled to 100 K, and these data were modeled and refined as for lysozyme. Supplementary Table S2 gives the resulting refinement statistics.
Thaumatin has 206 residues compared with 129 for lysozyme, and its tetragonal crystals have a Matthews coefficientderived solvent content of 58.5%, compared with 37.5% for monoclinic lysozyme. As shown in Supplementary Fig. S6 , the unit cell contracts by about 18% between 99 and 75% r.h. and by about 4% on cooling to 100 K, compared with contractions of $20 and 7% for monoclinic lysozyme. For both proteins, nearly all of the contraction is due to a reduction in solvent volume, and this contraction is associated with an increase in the fraction of residues involved in crystal contacts (Supplementary Fig. S7 ).
As shown in Supplementary Fig. S8 , the absolute number and fraction of residues whose 1 rotamers are altered by dehydration and by cooling are much smaller for tetragonal thaumatin than for monoclinic lysozyme: at 75% r.h. the altered fractions are $0.07 and $0.19, respectively. The fraction of altered residues that are involved in crystal contacts (0.6 versus 0.88 at 75% r.h.) is much smaller for tetragonal thaumatin. As shown in Supplementary Fig. S9 , the pairwise Pearson correlation coefficients for Ringer plots at 1 , averaged over all residues with side-chain rotamers, are larger for all relative humidity pairs and all room-cryo temperature pairs for thaumatin than for lysozyme. Moreover, an inspection of Ringer plots and correlation coefficients for residues flagged as altered shows that side-chain conformational changes are on average smaller for thaumatin than for lysozyme. These results are consistent with the much larger solvent content [0.49 versus 0.22(v/v) at 75% r.h.] and less intimate contact between molecules in thaumatin. Supplementary Figs. S8 and S9 show that cryocooling the native state of thaumatin to 100 K produces a comparable increase in the number of contact residues and a comparable fraction of altered residues as does dehydration to 89% r.h. Furthermore, Supplementary Fig. S8(a) shows that the ratio of noncontact to contact residues altered by cooling to 100 K and by dehydration to 89% r.h. are similar. This suggests a connection between conformational perturbations caused by cooling and dehydration.
Discussion
Unit-cell, protein and solvent volumes
The use of carefully prepared, cryoprotectant-free crystals with identical solvent compositions for room-temperature and 100 K measurements allows quantitative comparison of unitcell, protein and solvent volumes. Both dehydration from 99% r.h. to as low as 11% r.h. and cooling from 298 to 100 K lead to only small (1 and 2%, respectively) changes in protein volume, as determined from the calculated volume of the SES. On the other hand, the calculated solvent volume at 99% r.h. decreases on cooling to 100 K by $14% (from the SES volume) or $19% (from the Matthews coefficient analysis). At 11% r.h., the calculated solvent-volume contractions are much smaller ($0% from the SES or $9% from the Matthews coefficient) and have much larger uncertainties ($5-7% of the solvent volume) because the solvent volumes are much smaller. SES protein volumes are calculated assuming a single conformer with no thermal motion, and so do not include the effects of alternate conformers or finite atomic B factors. To a first approximation (assuming fixed, temperature-dependent bond lengths and no overlap of nonbonded atomic van der Waals spheres), protein motions should not affect the instantaneous and thus time-averaged protein volume. As an upper bound on the possible effects of conformational heterogeneity, SES volumes were calculated assuming that all side-chain conformers were populated with unit occupancy. This increased the 298 K SES volumes by $5% at 99% r.h. and $1% at 11% r.h.
Comparison of dehydration and cooling
Previous work has explored how cryocooling modifies unitcell and protein volumes (Juers & Matthews, 2001) , overall protein structure (Tilton et al., 1992; Teeter et al., 2001 ) and a protein's ensemble of side-chain conformations (Lang et al., 2010; Fraser et al., 2011; Keedy et al., 2014 Keedy et al., , 2015 . The present work shows that the effects of modest dehydration on these properties are similar, both superficially and in many details. Cooling native (99% r.h.) monoclinic lysozyme crystals to 100 K has similar effects on unit-cell and protein volume, on the number of crystal contacts, on backbone structure (as measured by the r.m.s.d.) and on side-chain structure (as measured by the 1 and 2 correlation coefficients) as does dehydration to 85% r.h. Cooling native crystals to 100 K modifies a comparable fraction of side-chain conformations at The important active-site residue Trp62 undergoes a significant conformational change between the native (orange) and 75% r.h. (blue) structures. In the native crystal, Arg73 freely extends away from the active site. Dehydration brings the protein molecules closer together. In the 75% r.h. structure, a steric clash with the side chains of an adjacent molecule (cyan) changes the conformation of Arg73, which causes a 90 rotation of Trp62. 1 as dehydration to 93%; both overwhelmingly affect solventexposed residues, while cooling may have slightly more effect on noncontact residues. Cooling and dehydration both cause a similar variety of side-chain modifications, including the suppression of minor conformers, the enhancement of minor conformers and the appearance of new conformations. The same general trends are observed in tetragonal thaumatin crystals, although side-chain modifications at a given relative humidity are less pronounced due to the much larger solvent content and reduced protein packing.
This similarity complicates the interpretation of differences between structures and especially side-chain conformational ensembles determined at room and cryogenic temperatures (Fraser et al., 2011) , especially when the detailed crystallization, harvesting, mounting and cryocooling histories of each crystal are either not known or not identical. Protein crystals regularly undergo modest dehydration during harvesting, mounting, storage and data collection at room temperature. Anecdotal evidence, such as substantial variations in deposited unit-cell volumes between similarly prepared crystals, suggests that dehydration was particularly frequent when room-temperature data collection involved drawing crystals into glass capillaries, wicking away excess liquid and carefully sealing both ends of the capillary with wax. Dehydration is likely to have been a primary cause of room-temperature crystal non-isomorphism; crystals that are reproducibly hydrated (by insertion into humidity-controlled gas streams or by equilibration with saturated salt solutions) show highly reproducible (to within 0.1%) unit-cell parameters . Moreover, dehydration to 93% r.h. and somewhat lower typically has no visible effects on crystals (for example, they do not crack as long as dehydration occurs gradually) and usually does not cause major degradation of diffraction, and so can be hard to detect. Consequently, careful control of crystal hydration for both room and cryogenic temperature data collection is essential if the effects of these two perturbations are to be deconvolved.
Why do cooling and dehydration generate similar structural perturbations?
Temperature affects chemical properties such as pH, the pK a values of ionizable groups and their charges, and 'mechanical' properties such as the amplitude of thermal vibrations about each conformation, the occupancy of alternative conformations and the rate of interconversion between them. As temperature decreases, average bond lengths shrink, higher energy conformations are depopulated and the protein becomes more compact. More flexible regions at the protein surface that tend to be involved in crystal contacts contract more than the protein as a whole, decreasing the volume of the unit cell more than the protein volume, and increasing the number and area of contacts between molecules. Both protein compaction and increased protein-protein contacts stiffen the protein as whole, which further reduces the amplitude of thermal motions. These also introduce steric hindrances that can block minor or major conformations or lead to new conformations.
Dehydration affects chemical properties, including the concentrations of solutes within the solvent channels and the pH. By removing solvent, dehydration increases the number and area of contacts between molecules. These stiffen the protein as a whole, reducing the amplitude of thermal motions at fixed temperature. They introduce steric hindrances that can block minor or major conformations or lead to new conformations. As solvent is depleted from the first hydration layer, protein function ceases, in part due to a loss of conformational flexibility facilitated by mobile surface waters. The strong similarity in the conformational responses of the protein to cooling and to modest dehydration suggests that, at least for monoclinic lysozyme crystals, the global character of these responses is dominated by the effects of increased molecular packing. If this is the case, then one might expect that plots of harmonic and overall conformational heterogeneity versus unit-cell size would be similar, regardless of whether the unit-cell changes were caused by temperature or dehydration. Fig. 8 shows example plots of Disorder parameters 1 À S 2 and 1 À S 2 ortho versus unit-cell volume for a selection of residues at 1 , as deduced using multiconformer refinement from room-temperature data sets collected at of 99, 93, 85 and 75% r.h. For comparison, the disorder parameter for each residue and the cell volume of the native crystal at T = 100 K are also shown. The same data, plotted as S 2 versus relative humidity, are shown in Supplementary Fig. S5 . 1 À S 2 and 1 À S 2 ortho for 1 rotamers at T = 298 K versus unitcell volume, for relative humidity values between 99 and 75%, using the same data as in Supplementary Fig. S5 . The rightmost data point corresponds to the native 99% r.h. crystal at 298 K. For comparison, 1 À S 2 and the unit-cell volume of the native crystal at 100 K are indicated. Plots for the majority of side chains have a 'hockey stick' shape, with the rate of increase of disorder with unit-cell volume being larger at larger unit-cell volumes. This is similar to the behavior that is observed when the side-chain order parameters of cyclophilin A were plotted versus temperature between 300 and 100 K (Keedy et al., 2015) . In both proteins, the majority of 1 rotamers have a single dominant conformation that does not change, so S 2 and S 2 ortho are similar. Some do show conformational rearrangements that affect S 2 angular and S 2 , but S 2 ortho still generally increases with decreasing unit-cell volume.
These results are consistent with the notion that unit-cell volume and protein packing dominate global aspects of the effects of both cooling and dehydration on protein conformation.
As previously established (see, for example, Radha Kishan et al., 1995) , the fact that unit-cell contraction may drive many of the conformational changes that are observed on cooling or dehydration in crystallography does not imply that these changes are biologically irrelevant. Crystal contacts can mimic some effects of ligand binding at active sites or of regulator binding at remote sites, and chains of steric hindrance triggered by increased contact may illuminate allosteric networks. Since crystal dehydration can generate much larger changes in unit-cell volume and in area of intermolecular contact than can cooling, it can be a highly useful probe of conformational interactions within proteins when adequate diffraction resolution is preserved. Fig. 9 shows how the effects of dehydration and cooling can be understood and distinguished in terms of energy landscapes and occupancies. Both cause increased packing density, molecular stiffening and steric clashes that translate into changes in the local free-energy landscape and into changes in occupancies within that landscape. However, there are no obvious hydration-related analogs to the Boltzmann factor, or to thermal depopulation of minor conformers and reduced amplitudes of thermal motions within fixed energy landscapes. In general, distinguishing purely thermal effects from those associated with energy landscape changes, and distinguishing landscape changes intrinsic to the protein from those associated with the crystalline environment, require careful analysis of the environment of each residue.
Conclusions
Improved computational and modeling tools are facilitating the study of protein conformational ensembles using crystallography, and the analysis of these ensembles to identify functionally important motions and interactions. The electron density associated with minor conformations is generally weak and so can be difficult to positively identify, especially at the resolutions near and above 2 Å that are typical of many targets of biological interest. Dehydration and cooling (as well as hydrostatic pressure; Collins et al., 2011) provide easily controlled continuous crystal and molecular perturbations, and the resulting systematic changes in electron density should in many cases allow 'real' weak density features to be distinguished from artefacts.
The present results, which were obtained using crystals in carefully prepared reference states and subject to well defined perturbations, allow detailed and quantitative comparison of the local and global effects of dehydration and cryocooling on protein structure and conformational heterogeneity. In lowsolvent-content, relatively tightly packed monoclinic lysozyme crystals, the effects of dehydration and cooling are strongly similar, suggesting that the changes in intermolecular and intramolecular packing interactions associated with unit-cell contraction dominate the observed behavior. Only modest dehydration, as might be expected to occur in past crystallographic practice (for example when using glass capillaries) or current practice (for example when using small crystals), is required to mimic many of the effects of cooling from room temperature to 100 K. Dehydration combined with differences/uncertainties in cryoprotectant concentrations thus complicates the interpretation of differences between roomtemperature and 100 K structures. The effects of dehydration and cooling on side-chain energy landscapes, shown as plots of free energy versus side-chain rotamer angle (black lines). Red lines indicate occupancy (electron density) at room temperature. The dashed blue line in (a) indicates occupancy at 100 K. (a) A potential with two wells. (b) A steric clash eliminates one well. (c) Stiffening of the potential of (b) due to, for example, increased packing density and steric encroachment. (d) A potential with a well at a new position relative to (a)-(c). Dehydration from state (a) at fixed temperature may lead to (b) elimination of a minor conformer, increasing S 2 angular , (c) reduced amplitude of thermal motion about the major conformation, increasing S 2 ortho , and (d) the appearance of a new major conformation. Cooling at fixed hydration can lead to similar changes in energy landscape associated with increased packing, and in addition to depopulation of the minor conformer in (a) and reduced amplitudes of thermal motion in (a)-(d), without affecting the underlying energy landscape.
Weak density features associated with minor conformers are more likely to be perturbed by functionally interesting interactions, but they are also more likely to be disrupted by changes in crystal packing. Here, temperature-dependent rather than hydration-dependent crystallography has a clear advantage, in that dehydration effects are dominated by crystal-packing interactions while temperature also directly affects occupancies and motion amplitudes. High-solventcontent, weakly packed crystals are ideal targets for temperature-dependent structural studies, assuming that crystals with adequate order can be obtained and cooled without ice formation. When these are not available, comparison of cryocooled and dehydrated structures of cryoprotectant-free crystals having comparable unit-cell contractions relative to the native, room-temperature state may highlight aspects of the conformational landscape of the protein that are not specific to the crystalline environment.
